Aim To reconstruct the history of vegetation and environments using pollen, charcoal and sediment analysis, and to identify the timing and nature of climate change and human impact on the vegetation of a remote Pacific island.
C yr BP, the deposition of clays, presumably from upslope erosion, occurred in a landscape sparsely vegetated by grasses, ferns and Pernettya rigida heath, including several plants that are only found 100-200 m above the site today (Zone CI-1). After 8000 14 C yr BP, a P. rigida heath was the dominant vegetation (Zone CI-2). A shift to a wet heath-shrubland (Zone CI-3) occurred at 6000 14 C yr BP and was followed by a transition to a treefern-shrubland mosaic accompanied by periodic burning (Zone CI-4) after 4500 14 C yr BP. The impact of human occupation is evident in Zone CI-5 at 450 14 C yr BP with the loss of forest species, increased burning and invasion of the exotic plant Rumex.
Main conclusions
The pollen and charcoal record provides the first evidence of vegetation changes spanning at least the last 8000 14 C yr BP from the high altitude environment of Alexander Selkirk Island. Prior to 8000 14 C yr BP, the altitudinal ranges of different plant species may have been suppressed by a cooler and drier climate. Increasing precipitation and temperatures at the end of the last glacial period may have mobilized exposed sediments in a sparsely vegetated upland environment, altering local drainage patterns, eventually leading to slope stabilization and deposition of organic detritus under an increasing density of heath and shrub vegetation. The subalpine heathshrubland persisted until 4500 14 C yr BP when first evidence for sustained burning is found in association with the establishment of a more open treefern-shrubland vegetation pattern. In the absence of human occupation at this time, the influence of increased climatic variability associated with more frequent El Niñ o-Southern Oscillation events during the mid to late Holocene is considered one of the main driving forces behind increased vegetation disturbance during this period. The record provides evidence that island vegetation patterns have been highly dynamic over millennial to decadal timescales and that the flora has persisted through periods of rapid and major climate change. This changed with the discovery of the island by European explorers in the late sixteenth
INT RODUCTION
The Juan Fernandez Archipelago consists of three small oceanic islands that lie c. 600-700 km west of Valparaiso on the central Chilean coast at a latitude of 33°S. The islands lie within the northern margins of the subantarctic region of the South Pacific Ocean and are under the influence of two major ocean currents: the cold subantarctic Chile-Peru Current (Humboldt Current) and the warm subtropical Peru Oceanic Countercurrent (Fig. 1a) . These isolated volcanic islands range in age from around 4 to 1 Myr old (Stuessy et al., 1984) , with the oldest harbouring plant communities comprising up to 70% species endemism, including survivors of many ancient plant groups that were once much more widespread in the southern hemisphere. Alexander Selkirk Island is the youngest and highest of these islands and exhibits strong ecological zonation with many species associated with particular environments (Stuessy et al., 1998b) .
The role of historical factors in determining species diversity on oceanic islands has been a neglected field of investigation with respect to MacArthur and Wilson's (1967) equilibrium theory of island biogeography in which geographical and ecological variables are of primary importance (Haydon et al., 1993) . In a recent assessment of species diversity on the islands of the Juan Fernandez Archipelago, Stuessy et al. (1998a) investigate the impact on species diversity of decreasing island size through geological time caused by erosion of the volcanic cone. They show that change in island size occurring over time-scales of >10 5 years is especially important as a determinant of species diversity within the archipelago. Despite the importance of the Juan Fernandez Archipelago flora to studies in biodiversity (Hoffmann & Marticorena, 1987) , island biogeography (Skottsberg, 1956; Stuessy et al., 1998a) , and plant molecular and evolutionary biology (Crawford et al., 1998) , little is known about the influence of environmental changes on the vegetation of the islands occurring at shorter timescales (10 5 )10 years) including interglacial-glacial climate change, sea level fluctuations (and its influence on island size), millennial to decadal climate variability and human impact. Recent studies of evolutionary patterns within isolated vegetation communities suggest that these factors are likely to have a major influence on the origin and maintenance of species diversity in island communities (Richardson et al., 2001) .
The islands of the far eastern Pacific Ocean have received little palaeoecological attention with the exception of the lakes and bogs of the Galapagos Islands (Latitude 0°). Colinvaux and Schofield (1976) show that the Galapagos Islands were influenced by persistent aridity prior to the onset of the Holocene around 10,000 14 C yr BP. The onset of wetter conditions at this time led to ponding in previously dry depressions and the establishment of modern vegetation communities by 8600 14 C yr BP. There is little apparent change in the composition of vegetation communities throughout the Holocene, although climate conditions did change during this period as indicated by the growth of high altitude raised peat bogs on the island of Santa Cruz at around 5000 14 C yr BP (Colinvaux, 1984) and an increase in the frequency of laminated sediments after c. 4000 14 C yr BP in Bainbridge Crater Lake (Riedinger et al., 2002) . These changes are considered to be a consequence of more frequent wet El Niñ o events during the mid to late Holocene. On Easter Island (27°S) some 3500 km to the west of the Juan Fernandez Archipelago, the last glacial maximum (18,000 14 C yr BP) was cooler and drier than the Holocene with a shift from extensive grasslands towards a forested landscape occurring at around 12,000 14 C yr BP (Flenley et al., 1991) . Forest cover appears to have persisted on Easter Island until major disturbance is recorded after the arrival of Polynesians around 1000 14 C yr BP (Flenley et al., 1991) , although there is some doubt that the Holocene sediment record is continuous due to sediment reworking or deflation at the sites (Dumont et al., 1998) .
The most detailed regional palaeoclimate evidence comes from the mid latitudes of continental South America where marine records from the continental margin, c. 100 km west of Valparaiso at 33°S, indicate that sea surface temperatures were 4°C cooler than present during the last glacial maximum (Lamy et al., 1999; Kim et al., 2000) . On the South American mainland high lake levels and the presence of Nothofagus woodland at Laguna Tagua Tagua to the west of the Andes at 34°S suggest cool and wet conditions persisted during the last glacial maximum until around 14,000 14 C yr BP. During the Holocene schlerophyll woodland replaced Nothofagus woodland as lake levels decreased and warmer and drier conditions were established (Heusser, 1990) . On the eastern side of the Andes high lake levels are also recorded during the last glacial maximum at Salinas del Bebedero (33°S, Gonzá lez, 1994) . In contrast to the palaeoclimate record to the west of the Andes, a pollen record from Vaca Lauquen (37°S) on the eastern side of the Andes shows that Nothofagus forest persists there at high altitude during the Holocene (Markgraf, 1987) . A shift towards more diverse species composition at this site at around 4500 14 C yr BP is considered to be the result of higher summer precipitation under the increasing influence of the subtropical high pressure cell. At the same time, charcoal particles increase markedly at Laguna Tagua Tagua on the western side of the Andes, possibly in response to human activity (Heusser, 1990) , although an alternative explanation may be that increased influence of the subtropical high pressure cell at these latitudes resulted in greater climate variability and therefore greater susceptibility of vegetation to burning (Haberle, 2000) . The investigation of mid latitude palaeoclimate records from sites influenced by oceanic circulation patterns in the far eastern Pacific Ocean, such as the islands of the Juan Fernandez Archipelago, will contribute to our understanding of complex spatial as well as temporal patterns in palaeoclimate records from this part of the Pacific Basin.
The Juan Fernandez Islands are one of the few regions in the world where there is currently no record of human occupation prior to European maritime expansion into the Pacific during the sixteenth century AD 1 . The relatively late colonization of the Juan Fernandez Archipelago provides a rare opportunity to compare the vegetation changes that occurred prior to (Irwin, 1992; Dumont et al., 1998) . However, current research on Robinson Crusoe Island by Prof. Atholl Anderson (pers. comm., Centre of Archaeological Science, Australian National University), in association with the author and members of the Museo Nacional de Historia Natural, Santiago, have as yet not produced any archaeological evidence for pre-European (Polynesian or Amerindian) occupation of the islands.
human occupation with changes that occurred after human occupation and to assess to what extent these changes have been exacerbated or driven by natural processes and climate variability. This will have important implications for the interpretation of palaeoecological records throughout the Pacific, where the timing and nature of disturbance induced by Polynesian occupation is open to some debate due to the difficulties of separating human from natural processes of disturbance in the palaeoecological and archaeological records (Anderson, 1995; Kirch, 1996) .
In the steep island landscape, where no lakes are found, suitable sediments for palaeoecological work are rare. On a reconnaissance trip to Alexander Selkirk Island by the author in January 1997, the potential palaeoecological significance of organic-rich deposits located along the high slopes above 750 m above sea level (a.s.l.) south of Cerro de Los Inocentes was recognized. In this paper I attempt to reconstruct vegetation change and past burning events using pollen, charcoal and sediment data derived from these deposits. The influence of climate change and human impact will be examined and the spatial and temporal implications of this evidence will be discussed in the light of palaeoecological evidence from other sites in the mid latitudes of the southern Pacific Ocean.
TH E ST UDY AREA
Alexander Selkirk Island (33°45¢S, 80°45¢W) is located 723 km west of Valparaiso, Chile, and is the larger (50 km 2 ) of the three main islands of the Juan Fernandez Archipelago (Fig. 1a,b) . The island is an eroded remnant of an early mid Pleistocene basaltic volcano (Stuessy et al., 1984) , with deep gullies incising a mountainous plateau that rises to 1319 m a.s.l. on the summit of Cerro de Los Inocentes. There is little climate data available for the island, but a climate station located on Robinson Crusoe Island, 156 km to the east, records a warm temperate climate with a wet winter and dry summer, a mean annual rainfall of around 1000 mm, and a mean annual temperature of 15.2°C at sea level (Hajek & Espinosa, 1987) . Periods of extended drought or flooding are rare on the islands, although low rainfall tends to occur during strong La Niñ a years when warmer sea surface temperatures, presumably from increased southern penetration of the subtropical Peru Oceanic Countercurrent, are associated with an increased influence of the subtropical high pressure cell (Allen et al., 1996) . The higher Alexander Selkirk Island generates abundant orographic rain, primarily from south-westerly and south-easterly winds, in addition to precipitation delivered from the western storm track. The high altitudes are almost perpetually cloud covered, which, along with occasional frosts and snowfalls, contributes to the existence of an upper forest limit at around 700-750 m a.s.l.
Today, seventy-five flowering plant species and forty-five pteridophyte species are considered indigenous to Alexander Selkirk Island. The vegetation on the island shows strong altitudinal as well as windward-leeward zonation in species distributions (Skottsberg, 1953; Mueller-Dombois & Fosberg, 1998; Stuessy et al., 1998b) . The subalpine (c. 750-1100 m a.s.l.) and alpine (c. 1100 m a.s.l.) zones are dominated by plants with Magellanic (southern South American) affinities and the flora contains only 13% endemic angiosperm species, compared with 38% in the lowland forests (Stuessy et al., 1992) . The distinctive rosettelike trees, shrubs and herbs within the Compositae have diversified most dramatically within the archipelago and occupy a wide range of habitats from lowland forest to alpine areas (Crawford et al., 1998) .
The existing vegetation cover on Alexander Selkirk Island reflects a history of intense human activity (Fig. 1b) . The forest community, now restricted to patches in gullies and low angle slopes presumably protected from fire, is dominated by the trees Myrceugenia schultzei, Drimys confertifolia, Fagara externum and Coprosma pyrifolia. With the exception of F. externum, individual tree species can be found as high as 1100 m a.s.l., some 350 m above the forest limit. F. externum does not occur above 515 m a.s.l. and is generally restricted to the drier forests on the leeward side of the island. The introduced trees and shrubs Eucalyptus, Aristotelia chilensis and Ugni molinae are scattered through the forest patches and grasslands along the eastern lowlands of Alexander Selkirk Island, although they appear to be much less prominent than on Robinson Crusoe Island, where they have become dominant components of many remaining forest areas.
Above the forest limit a subalpine community of Dicksonia externa treeferns forms an almost pure stand on the wet slopes south of Cerro de Los Inocentes (Fig. 2) . On the drier northern high plains Lophosoria quadripinnita replaces D. externa as the dominant treefern and the introduced grass Anthoxanthum odouratum and herb Rumex acetosella are widespread. A mosaic of subalpine treefern, shrubs and grassland is found in the more open or disturbed areas above 900 m a.s.l., within which scattered Pernettya rigida heath and patches of ferns, including L. quadripinnita, Pteris semiadnata and Blechnum, occur with Gunnera masafuerae and grasses. Above 1100 m a.s.l. the alpine community is characterized by Abrotanella crassipes cushion plants, the dwarf shrub Myrteola nummularia, and other indicative taxa such as Acaena masafuerana, Rubus geoides, Gleichenia quadripartita and Lycopodium magellanicum.
It was not until 1574 AD that Europeans first stepped foot on the remote shores of the islands of the Juan Fernandez Archipelago. Descriptions of the island dating to the mid-eighteenth century (Walter, 1748; Byron, 1773) suggest that the valleys were forested except for the high slopes. Alexander Selkirk Island may have been less regularly visited during the late-sixteenth to mid-eighteenth centuries than the neighbouring Robinson Crusoe Island because of the lack of good shelter available to ships and the greater difficulty of access to the island. Nevertheless, by the early 1900s, the botanical expeditions of Skottsberg (1954) record that the vegetation had become much more degraded in the intervening time under the influence of increased human activity (Table 1 ). This process has been encouraged by pressures imposed by logging of the forests (primarily for indigenous sandalwood, Santalum fernandezianum, probably extinct since the 1830s on Alexander Selkirk Island), over-grazing by introduced mammals (primarily goat, Wester, 1991) , fires, and the introduction of exotic plants (Swenson et al., 1997) . The introduced weeds, A. odouratum, R. acetosella, and a number of exotic species within the Compositae have been particularly aggressive invaders of the open vegetation communities at high altitude, particularly in the drier leeward and northern high plains of the island. The process of weedy plant invasion has been aided by the grazing pressure of feral goats as well as periodic fires in the high altitudes. The native fern, Histiopteris incisa, has also increased its importance in areas disturbed by grazing and burning activity (Schwaar, 1979) .
M E T H OD S Site selection
A survey of soil profile depths across an altitudinal transect and a north-south transect along the high plains of Alexander Selkirk Island in April 2000 revealed that deep peaty sediments suitable for pollen preservation were only found to be blanketing the ridge top and adjacent steep slopes south of Cerro de Los Inocentes from c. 1100 m a.s.l. down to 800 m a.s.l. (Fig. 1b) . The peat is primarily associated with the subalpine zone vegetation that is here dominated by a dense and mostly continuous D. externa treefern community. This is an area of almost perpetual cloud cover and cool temperatures (soil temperatures at 20 cm depth was recorded at 8 AE 1°C, n ¼ 8). The upper limit of tree species occurs just below the site, where individual D. confertifolia trees are found emerging from the treefern community. Continuous cover of treeferns is only broken by patches of open ground on the flat areas along the ridge line, where ferns including L. quadripinnita, P. semiadnata, Blechnum cycadifolium and H. incisa, and grasses and herbs, including the invasive weeds A. odouratum and R. acetosella, have colonized forming a mosaic vegetation pattern (Fig. 2) . Active disturbance of vegetation and sediments is currently restricted to the ridge top area and is likely to be the result of a combination of factors including increased soil erosion from grazing by feral goats, increased burning since European occupation, and intensified burrowing activity by migrating Petrels, Pterodroma longirostris Stejneger and P. externa Salvin, possibly after being displaced from nesting grounds on Robinson Crusoe Island by human activity (Araya, 1985) .
The coring site is located in an open fern community dominated by H. incisa and is c. 20 m from the closed D. externa community (Fig. 2) . The location is on the crest of an undulating ridge line at 1000 m a.s.l., some 800 m to the south of the summit of Cerro de Los Inocentes (Fig. 3) . The site is located within a low portion of the ridge where the sediment may have been derived from low gradient slope wash within a catchment of not more than 150 m laterally and 20 m in altitude upslope from the coring site. Sediments were sampled with a 50 · 500 mm ÔRussianÕ D-section corer in April 2000, revealing an 87-cm deep brown to black peat deposit overlying 63 cm of yellow-grey clay. Deeper sampling was not possible because of underlying hard rock believed to represent bedrock. Two parallel offset cores were wrapped in plastic and sealed in slit polyvinyl chloride tubing for transport to the cold storage facility at Monash University, Australia. Two additional locations were selected for modern pollen rain analysis using the top 2 cm of surface sediment: one located in a nearby D. externa community (250 m east of the coring site at 900 m a.s.l.) and the second in an open fern-grass mosaic vegetation community (300 m north of the coring site at 1100 m a.s.l).
Laboratory procedures
Samples were split for separate moisture and organic content, charcoal analysis and pollen analysis. The water and Table 1 Main historical events contributing to environmental change on the island (derived from Skottsberg, 1954; Sanders et al., 1982; Wester, 1991; Swenson et al., 1997) 4 ) and determined by percentage weight loss on drying at 105°C and on ignition at 550°C, respectively. Macroscopic charcoal analysis was also determined at continuous 1 cm intervals and involved wet sieving 2 cm 3 samples through a 125-lm sieve, lightly bleaching the coarse fraction in sodium hypochlorite (6%) and counting black particles under a binocular dissecting microscope. Microscopic charcoal (<125 lm diameter) was counted on the pollen preparation slides as a proportion of an exotic spike (Lycopodium). This enabled a determination of microscopic charcoal concentration per unit volume of sediment at 4 cm intervals. The differentiation between macroscopic and microscopic charcoal has been applied in palaeoecological studies (e.g. Whitlock & Millspaugh, 1996) as a guide to distinguishing between local fires (macroscopic) and regional burning (microscopic, in this case possibly derived from fires occurring in the lowlands as well as the local catchment).
Pollen samples were taken from every 2 or 4 cm down the core and prepared using standard techniques (Moore et al., 1991) . Some of the pollen types are recognized at more refined taxonomic levels than is possible on the mainland of Chile because of the restricted flora on the island. The dispersal characteristics of the identified pollen taxa are inferred from modern pollen rain studies from other sites in the region (Flenley et al., 1991 (Flenley et al., , 1996 McGlone & Muerk, 2000; Haberle & Bennett, 2001) . Modern pollen reference material was collected from selected species and a pollen reference collection is held by the author. Some of the taxa are published in the pollen atlas of Heusser (1971) . The pollen sum was at least 200 grains, excluding the fern spores. Because of the high proportion of fern spores in the sediments, a separate spore sum was used to calculate the relative proportion of spore taxa. The diagrams of pollen fossil representation are zoned on the basis of binary splitting by sums-of-squares (Birks & Gordon, 1985) . Principal component analysis (PCA) was performed with major taxa whose pollen or spore values exceeded 5% at least once. PCA is used to reduce the pollen and spore data from each site to two-dimensional plots, and the resulting data set is displayed as biplots for samples and taxa (Birks & Gordon, 1985) . Pollen diagrams and numerical analysis were implemented in PSIMPOLL (Bennett, 1994) .
The six samples submitted for radiocarbon analysis were pre-treated with an acid ⁄ alkali-acid wash, and dated using accelerator mass spectrometry (AMS) at the Radiocarbon Dating Laboratory, University of Waikato, New Zealand. Visible contaminants, such as roots and woody fragments, were removed from all samples to minimize contamination. Unless otherwise stated, the dates given in the text are 14 C yr BP. The age-depth model for the pollen diagrams is based on linear interpolation between dated samples.
RE SUL TS Stratigraphy and core chronology
The greatest depth of sediment overlying bedrock encountered at high elevation on Alexander Selkirk Island was 150 cm, in a shallow depression located at 1000 m a.s.l. The undulating topography of the southern ridge line (Fig. 3) suggests that the potential catchment of the site is not more than 150 m wide and encompassing 20 m in altitude upslope from the coring site. The sediments in the lower section accumulated over bedrock, from 150 to 87 cm, were primarily inorganic light brown silty clays (10-20% organic content) with some dark brown organic banding encountered throughout (Fig. 4) . At 87 cm depth there is a sharp transition to a highly organic deposit (>90% organic content) characterized by black fine peat that grades upwards to a reddish brown coarse peat above 23 cm depth.
Core chronology is based on four AMS dates, which are reported with sample depths and calibrated calendar ages in Table 2 . The basal clay deposit contained too little organic sediment for reliable dating. Sample Wk-8879 is considered contaminated by fine root penetration or mobile humic acids. Peat accumulation at the site commenced around 8000 14 C yr BP and accumulated steadily through the Holocene with an accelerated period of accumulation recorded in the upper 26 cm of the core.
Charcoal analysis
The first charcoal was recorded at 105-100 cm depth and only minor amounts are recorded through 60 cm depth, when there is a sustained rise in both macroscopic and microscopic charcoal concentrations between 60 and 50 cm depth. A second and major sustained rise in both macroscopic and microscopic charcoal concentrations occurs between 26 and 8 cm depth, after which the concentration of total charcoal drops to lower values, similar to those recorded between 60 and 50 cm in the core. ); summary of pollen and spore groupings (% of total pollen plus spore sum); pollen concentration (grains cm ). Zones are derived from numerical analysis of pollen percentages (Fig. 5) . 
Pollen analysis
Modern pollen rain analysed from three surface sample sites is presented in Table 3 . The summary pollen and spore percentage and concentration diagrams are presented in Fig. 4 . Individual taxa are presented in Fig. 5 (pollen diagram) and Fig. 6 (spore diagram) and plotted against depth and inferred age based on a linear interpolation of radiocarbon dates. Five major pollen zones were recognized as significant and have been overlain across the sediment, pollen and spore diagrams.
Pollen representation of the vegetation
Modern pollen rain studies have been published for the offshore islands of southern Chile (Haberle & Bennett 2001 ), the subantarctic islands (McGlone & Muerk, 2000) , Sá las y Gó mez (Flenley et al., 1996) and Easter Island (Flenley et al., 1991) . These studies have shown that pollen rain is generally highly local on island environments because of low canopy stature and a high percentage of plants that tend to be self-pollinating and are not reliant on anemophilous pollination strategies (McMullen & Close, 1993) . Exceptions occur with some of the dominant canopy trees whose pollen may be entrained in rising orographic winds and deposited in higher altitude environments. This appears to be the case for pollen derived from F. externa and M. schultzei on Alexander Selkirk Island, where they are dominant canopy trees in the lowlands up to 500 m below the subalpine modern pollen rain samples ( Total pollen and total spore percentages based on sum of pollen and spore counts. Percentages are derived from the total spore sum and zoned on the basis of binary splitting by sums-of-squares of the pollen data only (Fig. 5) .
spore taxa recorded in the surface samples are found locally within the subalpine zone or, as is the case with G. quadripartita, is found at 1100 m a.s.l. and above in the alpine zone. Ferns are very abundant in the subalpine region making up more than 90% of the total pollen and spore assemblage, with the dominant spore taxa reflecting local dominance in the vegetation community. No longdistance pollen rain, such as Nothofagus or Casuarina, is recorded in pollen samples from Alexander Selkirk Island possibly because of the island's remote location from westerly source areas of Australia and New Zealand and its upwind position relative to mainland South America.
Zone CI-1 (150-87 cm), before 8000 14 C year BP Blechnum and the treefern D. externa dominate with the heath P. rigida, and other shrub and tree types including C. pyrifolia, Empetrum rubrum, and Compositae-Tubuliflorae well represented. Gramineae, M. nummularia, A. masafuerana and the fern G. quadripartita reach peak values in this zone, with the latter three currently only found in alpine environments over 100 m higher than the coring site.
Zone CI-2 (87-75 cm), 8000-6000 14 C yr BP Tree and shrub types including the lowland forest canopy tree F. externa and the heath P. rigida have peak values. Herbaceous types are also important with an increase in Gramineae at first, followed by a transition to P. rigida dominance. Haloragis masafuerana occurs only in this zone. An overall decline in ferns relative to angiosperms is recorded, although within the spore assemblage, Blechnum, L. quadripinnita, Asplenium, Hypolepis rugosula and Pteris all reach peak percentage values. G. quadripartita is reduced to low values within this zone.
Zone CI-3 (75-65 cm), 6000-4500 14 C yr BP The ferns return to dominance with D. externa and Hymenophyllaceae the most important types. The dominance of P. rigida is lost to C. pyrifolia followed by an increase in both Compositae types. M. nummularia is a rare taxon in this zone and not recorded in subsequent zones.
Zone CI-4 (65-26 cm), 4500-425 14 C yr BP Ferns record peak concentrations in this zone with Blechnum the dominant taxon. P. rigida is reduced to very low percentage representation, being replaced by the Compositae. H. incisa increases between 60 and 55 cm depth before returning to low levels. Macroscopic and microscopic charcoal also show an initial increase in density between 60 and 55 cm depth. G. masafuerae dominates the herbaceous assemblage.
Zone CI-5 (a and b) (26-0 cm), 450 14 C yr BP to present In the first part of this zone (5a) Rumex appears for the first time and other herbaceous taxa, including Gramineae, become dominant. Ferns continue to be important within the assemblage as H. incisa increases gradually. P. rigida increases slightly as C. pyrifolia and Compositae-Tubuliflorae decrease towards the top of the subzone. In the second part of this zone (5b) there is a rapid increase in H. incisa, while tree and shrub types decrease rapidly with F. externa, M. schultzei and C. pyrifolia disappearing from the record. Gramineae dominates the herbs with Plantago appearing for the first time. G. masafuerae decreases and finally disappears from the record. Figure 7a shows the eigenvectors for major pollen and spore types in this analysis. The first component (axis 1) is defined by high positive loadings for the heath types P. rigida and E. rubrum, the ferns Pteris and Asplenium, and the tree F. externa, which are taxa associated with cool and dry forest environments. High negative loadings are recorded for both Compositae types, G. masafuerae and M. schultzei, which are taxa associated with wet forested and open conditions. The second component (axis 2) is defined by high positive loadings for Blechnum, D. externa, C. pyrifolia and F. externa. High negative loadings are recorded for H. incisa, Gramineae and Rumex, which are taxa associated with highly disturbed open environments. Figure 7b shows the spread of sample eigenvalues through the pollen zones CI-1-CI-5. These changes appear to reflect the response of vegetation to the complex interaction between widespread climatic change and fluctuating importance of local disturbance through time.
PCA analysis

Vegetation history
Basal Clay (Zone CI-1, before 8000 14 C yr BP) The pollen and spore assemblage from the basal clay suggests that the local vegetation was dominated by grasses and woody taxa, including P. rigida and E. rubrum. The treeferns Blechnum and D. externa were present although the spore concentrations are very low. The alpine taxa A. masafuerana, G. quadripartita and M. nummularia were also important. The southern slopes of Cerro de Los Inocentes appear to have been marginal for plant growth, particularly ferns, at least down to 1000 m a.s.l., although the presence of heath and alpine taxa suggest that a drier and possibly cooler than present climate regime persisted on Alexander Selkirk Island at the time of clay deposition. Wind blown pollen rain from lowland forests is dominated by F. externa, common in drier forest communities today, supporting the notion of drier climate influencing island-wide vegetation patterns.
Early Holocene (zone CI-2, 8000-6000 14 C year BP) The pollen record shows that P. rigida heath is established at the site as alpine taxa migrated upslope contributing to slope stabilization and reducing inorganic deposition at the site. Slightly drier conditions than present are indicated by the fern assemblage, which is dominated by Blechnum, L. quadripinnita, and other ferns typical of associations found on the drier north-eastern high plains today. The presence of the shrub H. masafuerana and the peak representation in F. externa, the latter presumably derived from expanding lowland dry forests, supports this interpretation.
Mid Holocene (zone CI-3, 6000-4500 14 C yr BP) From 6000 14 C yr BP the dominance of P. rigida heath was challenged initially by the wet forest shrub, C. pyrifolia, and then shrubs and herbs of the Compositae family. The filmy ferns, Hymenophyllaceae, also dominate in the early part of this zone, followed by the treefern D. externa, suggesting that a transition to relatively constant moist conditions reduced the dominance of P. rigida heath in favour of shrubs, treeferns and to a lesser extent heath. The shift in dominance from taxa adapted to dry conditions (zone CI-2) to taxa adapted to moist conditions (zone CI-3) is reflected in the first axis of the PCA plot (Fig. 7a,b) .
Late Holocene (zone CI-4, 4500-450 14 C yr BP) Pernettya rigida heath is rapidly and almost completely replaced by Blechnum and D. externa treeferns. The local treefern community displays periodic shifts in relative dominance of Blechnum and D. externa through time. C. pyrifolia, Compositae and G. masafuerae are important taxa that probably occupied more open areas or moist hollows. A phase of fire-related disturbance occurred between 3500 and 2500 14 C yr BP and resulted in an opening up of the treefern-shrubland mosaic and the establishment of the disturbance adapted ground fern H. incisa. Minor amounts of macroscopic charcoal are preserved above this in highly organic sediments (>95% organics), suggesting that this is most likely related to periodic local fires occurring after this time rather than reworked sediments from within the catchment. The slight rise in grass pollen towards the top of this zone lends some support to the gradual establishment of a more open vegetation community under a regime of increased frequency of burning episodes.
Post-European period (zone CI-5, 450
14 C yr BP) The upper zone, divided into two parts, is identified as the post-European period because of the presence of introduced plants, including Rumex. This is associated with an increase in both local and regional burning, indicated by high macroscopic and microscopic charcoal densities. Initial impact on the local vegetation of regular burning and presumably herbivory and trampling by goats was a progressive loss of shrubland species, particularly C. pyrifolia and species of the Compositae and G. masafuerae. The local treefern community was replaced by the ground fern H. incisa. An increase in Gramineae and CompositaeLiguliflorae towards the top of the sequence is likely to have been related to the progressive invasion by introduced species included within these taxonomic groups and reflected in the second axis of the PCA plot (Fig. 7a,b) . Rumex pollen and charcoal particle density is reduced towards the top of the sequence at the same time as D. confertifolia and H. incisa increase, suggesting that high altitude native forest and fern species may be recovering as burning is reduced. In contrast to this, lowland forest taxa, including F. externa and M. schultzei, disappear from the record as the extent of these forests continues to be reduced, presumably because of the ongoing impact of people introduced mammals at lower altitudes.
DI SCUSSION The influence of climate change on island vegetation
The pollen diagram presented here is the first from the Juan Fernandez Archipelago and provides a reconstruction of vegetation history in the subalpine region of Alexander Selkirk Island, spanning a period from before 8000 14 C yr BP to the present. In the absence of human occupation prior to the sixteenth century, vegetation change can be interpreted in terms of potential climate influence and local processes. What is the origin and age of the basal clays from the Cerro de Los Inocentes core? While reliable ages have not been derived from the basal clay sediments (Table 2) , the presence of plant microfossils (pollen and spores) in low concentration, bands of darker organic layers in the clays and the solid rock basement suggests that sedimentation may have been relatively rapid in this small catchment compared with the overlying organic sediments. A possible explanation is that as precipitation increased at the end of the last glacial period, possibly beginning as early as 14,000-12,000 14 C yr BP at this latitude (Heusser, 1990; Flenley et al., 1991) , slope wash would have mobilized exposed sediments within a sparsely vegetated environment. Inorganic sediment would have accumulated in topographic depressions, altering drainage patterns and created environments that were locally suitable for organic deposition and preservation. This received some support from regional palaeoclimate records that suggest conditions may have been marginal for plant growth on high oceanic islands during the last glacial maximum. Reconstructed sea surface temperatures from marine sediment proxies show that temperatures were around 4°C lower than present at this latitude (Kim et al., 2000) . The impact of cooling of this magnitude on island vegetation would have been considerable as the altitudinal ranges of alpine to lowland forest vegetation would have been suppressed during this period, possibly by as much as 800 m (4°C cooling equivalent to 800 m depression of tree line assuming a moist air lapse rate of 0.5°C ⁄ 100 m). Under drier climatic conditions the altitudinal depression would be exacerbated, particularly for many moisture adapted high altitude plants such as G. masafuerae, A. crassipes, M. nummularia, and many ferns making the high altitude environments of Alexander Selkirk Island marginal for plant growth. This is consistent with the record from Easter Island, where cool and dry conditions persist throughout the late glacial period until around 12,000 14 C yr BP (Flenley et al., 1991) , and suggests that moisture-laden westerly storm fronts may have been ineffective at latitude 33°S in the eastern Pacific during the last glacial maximum.
The end of slope instability and the initiation of organic deposition on Cerro de Los Inocentes occurs at least 2000 14 C years later than might be expected from continental palaeoclimate records (full Holocene forest formed in southern Chile by 10,000 14 C yr BP, Bennett et al., 2000) . However, there have been similar ages reported for initiation of organic sedimentation on high oceanic islands (8330 14 C yr BP reported from inaccessible Island, a southern Atlantic temperate island of the Tristan de Cunha group, Peerce et al. (1986) ; 8600 14 C yr BP reported from Isla San Cristobal, Galapagos Islands, Colinvaux and Schofield (1976) , suggesting that regional climate change and local factors interact to produce a lag response in the establishment of conditions suitable for formation of organic deposits during the early Holocene.
The interaction of regional climate change and local processes continues into the mid to late Holocene. Kim et al. (2000) suggest that sea surface temperatures were around 2°C warmer in the southern mid latitudes of the eastern Pacific during the early to mid Holocene. Under these conditions island vegetation may have been subject to enhanced evaporative moisture loss combined with a higher base for cloud formation, resulting in the expansion of dry forest communities in the lowlands and exclusion of moisture adapted alpine plants from the coring site. The colonization of the site by more moisture adapted taxa after 6000 14 C yr BP may reflect a lowering of the cloud base to modern levels as sea surface temperatures became similar to present.
A treefern-shrubland mosaic is rapidly established followed by the first indications of persistent burning events at high altitude after 4500 14 C yr BP. In the absence of any evidence for human occupation at this time, the charcoal record points to the onset of protracted drought events from 4500 14 C yr BP that intensified between 3500 and 2500 14 C yr BP. Reasons for this are likely to be found in the increased influence of the El Niñ o-Southern Oscillation phenomenon widely reported as influencing vegetation patterns in the Southern Hemisphere after 5000 14 C yr BP (McGlone et al., 1992; Haberle, 2000) . However, the mechanism for disturbance in these subalpine to alpine environments may not simply be associated directly with burning during drier and more variable conditions. The antiquity of occupation and impact of burrowing Petrels on island vegetation is not well understood, however, it is possible that the initial occupation of this vegetation zone by the migratory Petrels, P. longirostris and P. externa, may have influenced the development of a treefern-shrubland mosaic vegetation pattern. The inferred extension of bird migration patterns in the Pacific during the mid to late Holocene may also have been a response to changing climate and oceanographic conditions associated with intensified El Niñ o-related climate dynamics (Thompson & Ollason, 2001 ).
The pollen record shows that the distribution and composition of island vegetation communities have been highly dynamic over millennial to decadal time-scales. Periods of rapid and major change, such as that represented by the basal clays prior to 8000 14 C yr BP on Alexander Selkirk Island, would have provided invasive opportunities for those plants readily dispersed by wind or bird vectors from long distance sources such as neighbouring islands or the South American mainland. Despite the changes in dominance evident through the record all of the taxa represented appear to have persisted on the island during periods of changing climate, presumably by rapidly occupying refugial or novel habitats found across the island. The lowering of sea level by up to 150 m at the last glacial maximum would have increased the available dryland habitat for plants in the lowlands and may have provided a refuge for plants excluded from higher altitudes by cold or dry conditions. This would have limited opportunities for plants dispersed from long distance sources by wind or bird vectors to become established in the lowlands and may at least partially explain the higher level of endemism evident today in the lowland flora relative to the subalpine and alpine flora (Stuessy et al., 1992) .
The impact of human activity on island vegetation
The pollen record shows that the arrival of Europeans led to the destruction of local tree line vegetation, followed by the expansion of grasslands and new fern communities. The success of introduced weeds such as R. acetosella was enhanced by frequent fires started by the early settlers. Despite the transient nature of human occupation on the island (Table 1) , the impact of the last 435 years of human occupation on the native flora and fauna has resulted in dramatic reductions in native species abundance and diversity (Sanders et al., 1982) . This process has been encouraged by pressures imposed by fishing, logging, over-grazing by introduced mammals, fires, and an increase in introduced plants. Recent reduction in the frequency of fires, under the management of CONAF (Corporació n Nacional Forestal) and local residence, appears to have resulted in a recovery of native plant species at least at high altitude. Continued efforts to reduce the incidence of fires and the impact of goats will aid in the conservation of native plant biodiversity on the islands.
The current debate surrounding Polynesian occupation of the southern and eastern Pacific region (Anderson, 1995; Kirch, 1996) has highlighted the need for more rigorous assessment of archaeological and palaeoecological evidence of the nature of human occupation and activity within island environments. A major stumbling block to identifying the cause of biomass burning and depletion of forest communities in palaeoecological records has been the lack of spatially as well as temporally integrated studies of archaeological and palaeoecological evidence for human occupation in the Pacific region. The absence of human occupation on Alexander Selkirk Island prior to its discovery in the late sixteenth century supports the notion that climate change and variability, associated with the intensification of El Niñ o-Southern Oscillation activity during the mid to late Holocene, resulted in increased burning events and had a significant impact on Pacific island vegetation dynamics. The interpretation of palaeoecological records from the Pacific ocean region clearly must incorporate the influence of short-term climate variability on vegetation dynamics as a significant driving force of vegetation change during the mid to late Holocene.
CONC LUSI ONS
(1) The relatively late colonization of the Alexander Selkirk
Island by humans provides a rare opportunity to reconstruct Pacific island environmental change in the absence of human habitation. (2) A pollen and spore record associated with a continuous high-resolution charcoal record at 1000 m a.s.l. on Alexander Selkirk Island, provides evidence that island vegetation patterns have been highly dynamic over millennial to decadal time-scales and that the flora has persisted through periods of rapid and major climate change. (3) Prior to 8000 14 
